Chromian epidote was found in pebbles of omphacite rock derived from the Sambagawa metamorphic rocks in central Shikoku, Japan. The pebbles consist of chromian epidote, omphacite, amphibole, muscovite, phlogopite, chromite, albite, and zircon. The chromian epidote crystals are dark yellow to brown. Microscopically, they are subhedral and are pleochroic from yellowish orange to pale yellow colorless. Chromian epidote has a zonal structure. Typically, cores of Sr rich epidote are overgrown with Ca epidote; alternatively Ca epidotes are rimmed by and/or intergrown with REE rich epidote. However, Cr distribution is not related to the zonal structure caused by Ca ↔ Sr and Ca + M 3+ ↔ REE 3+ + M 2+ substitution since regions of higher Cr concentration generally occur around chromite grains. The chromium content of epidote reaches 5.7 wt% Cr 2 O 3 (0.36 Cr apfu/12.5 oxygens). In contrast, the Fe 3+ content of the chromian epidote varies in a narrow range (5.1 to 8.9 wt% Fe 2 O 3 ) irrespective of the chromium content. Associated minerals surrounding chromite (omphacite, amphibole, muscovite, and phlogopite) also tend to have a high and variable chromium content caused by Al ↔ Cr substitution, but with a nearly constant Fe content in individual minerals. Chromite is considered to be the source material of the chromian epidote and the associated minerals. The heterogeneous distribution of chromium may be attributed to the immobility of chromium under metamorphic conditions. The maximum Cr content of the chromian epidote in the present study is less than that of Fe 3+ poor chromian epidote from other localities, whereas the Fe 3+ content is greater. The substitution of Cr 3+ for Al in the M3 site of the studied chromian epidote may be limited by the ferric iron occupying the M3 site to the extent of 0.52 apfu.
INTRODUCTION
Si 3 O 12 (OH) join are common mineral in low − to medium − grade metamorphic and hydrothermally altered rocks and low − temperature veins and joint fillings (Franz and Liebscher, 2004; Bonazzi and Menchetti, 2004) . However, chromian epidote with the formula Ca 2 (Al,Cr 3+ ) 3 Si 3 O 12 (OH) is unusual. Eskola (1933) reported chromian epidote from Burma and metamorphosed copper ore at Outokumpu as respectively containing 11.16 and 6.79 wt% Cr 2 O 3 . However, Treloar (1987a) argued that neither of the two analyses presented by Eskola were acceptable due to a deviation from stoichiometry, and he then showed that the maximum Cr 2 O 3 content in Outokumpu chromian epidote derived from quartzite reached 15.4 wt% Cr 2 O 3 .
Chromian epidote from the mid − Archean barite deposit in central Karnataka, India (Devaraju et al., 1999) and from the Betic Cordilleras, Spain (Sánchez − Vizcaíno et al., 1995) is also very rich in Cr and reaches 11.9 and 10.08 wt% Cr 2 O 3 , respectively. Grapes (1981) reported epidote containing 7.12 wt% Cr 2 O 3 from kyanite amphibolite of the Southern Alps, New Zealand, and Ashley and Martyn (1987) described Cr − bearing epidote with 6.31 wt% Cr 2 O 3 from chromium − bearing quartz − aluminosilicate rocks within the Archaean Norseman − Wiluna greenstone belt of Western Australia.
We have recently identified chromian epidote in omphacite rock pebbles (collected by T.S.) from the Besshi district, central Shikoku, Japan. Although chromian allanite containing 7.49 wt% Cr 2 O 3 was described from a blueschist in the Sambagawa metamorphic belt (Banno, 1993) , chromian epidote has not hitherto been reported from the Sambagawa rocks. In this paper we describe the mode of occurrence and mineral chemistry of the Shikoku chromian epidote and associated minerals. We also show the characteristic distribution of Cr and Fe in the minerals.
SAMPLE LOCALITY AND GENERAL GEOLOGY
Chromian epidote − bearing omphacite rocks are found as subrounded pebbles along the banks of the Sekigawa River in the Besshi district, about 1.5 km south of Komata, Doi − cho, Shikokuchuo City, Ehime Prefecture (Fig. 1) .
Epidote − amphibolite facies Sambagawa metamorphic rocks are distributed widely in the Besshi district, associated with tectonic blocks of the Higashiakaishi peridotite and the Western and Eastern Iratsu amphibolite masses (Takasu and Kohsaka, 1987; Takasu, 1989; Takasu et al., 1994) . According to Kugimiya and Takasu (2002) , the Western Iratsu mass consists, in ascending structural order, of peridotite, clinopyroxene − hornblendite, garnet − epidote − amphibolite, garnet − white mica − amphibolite, marble, epidote − quartz rock, and albite − white mica − quartz schist. Their protoliths are considered to be ultramafic rock, gabbro, basic volcaniclastic rock, limestone, siliceous sediment with intercalated limestone, and pelitic rock respectively. In contrast, the Eastern Iratsu mass is composed of garnet − epidote − amphibolite, pyroxenite and peridotite (Kugimiya and Takasu, 2002) , and its protolith was layered gabbro (Banno et al., 1976) . In terms of their locality and petrographic features, the samples examined in this study are possibly derived from clinopyroxene − hornblendite closely associated with the peridotites in the Western Iratsu mass.
PETROGRAPHY
Two pebbles labeled as samples 1 and 2 were selected for the present investigation. Sample 1 consists of green omphacite rock and black amphibolite. The contact of the two lithologies is clearly observable in hand specimen. Monomineralic veinlets of Cr − poor epidote (< 1 wt% Cr 2 O 3 ) were found in the omphacite rock of sample 1. Sample 2 is green omphacite rock apparently identical to that in sample 1.
The omphacite rock pebbles are composed of omphacite, amphibole, chromian epidote, muscovite, phlogopite, chromite, albite, and zircon. In some samples, mineral lineations of amphibole and chromian epidote were observed. Green, anhedral omphacite grains (< 3 mm in length) are a major phase. They show pleochroism from colorless to pale green under a polarizing microscope.
Amphibole crystals (< 3 mm in length) in the omphacit rocks of samples 1 and 2 are euhedral to subhedral, and show pleochroism from pale bluish green (X or Y ) to bluish green (Z ). Crystals in the amphibolite of sample 1 show petrographic features similar to those found in the omphacite rock.
Chromian epidote (< 2 mm in grain size) is subrounded and to the eye is dark yellow to brown in color. The mineral is subhedral to anhedral and is pleochroic from yellowish orange to pale yellow − colorless under the microscope (Fig. 2) . Muscovite flakes (< 3 mm in length) Kugimiya and Takasu (2002) .
are pale greenish blue. Phlogopite occurs as intergrowths with muscovite, but is volumetrically far less. Chromite grains of various sizes (< 1 mm in diameter) are distributed sporadically in the omphacite rocks, and tiny chromite grains (< 5 μm in diameter) occur as inclusions within chromian epidote, omphacite, amphibole, muscovite and phlogopite. Anhedral albite fills interstices between crystals of chromian epidote, omphacite and amphibole. Subhedral zircons about 50 μm in diameter occur rarely.
EXPERIMENTAL METHODS
The chemical compositions of the constituent minerals and the element distribution of Cr, Fe, Sr, Ca and K were analyzed using a JEOL JXA − 8800M electron probe microanalyzer. The abundances of Si, Ti, Al, Cr, Fe, V, Mn, Ni, Mg, Ca, Sr, Ba, Na, and K were measured using an accelerating voltage of 15 kV, a beam current of 2.00 × 10 −8 A, and a beam diameter of 1 μm. Natural wollastonite and anorthoclase were employed as standards for Si and Ca and for Na and K, respectively, and the following synthetic standards were used for other elements: TiO 2 for Ti, spinel for Al and Mg, Cr 2 O 3 for Cr, hematite for Fe, Ca 3 V 2 O 8 for V, MnO for Mn, NiO for Ni, and SrBaNb 4 O 12 for Sr and Ba. The rare earth elements (REE) were analyzed at an accelerating voltage of 25 kV with a beam current of 1.00 × 10 −8 A and a beam diameter of 20 μm, after the method of Nishida et al. (1999) 
MINERAL COMPOSITIONS

Chromian epidote
Representative analyses of the chromian epidote specimens are listed in Table 1 , where it is possible to distinguish Ca − epidote with the A1 and A2 sites almost fully occupied by calcium (SrO < 3 wt%); Sr − rich epidote with 3 − 11 wt% SrO; and REE − rich epidote with 2.5 − 9. (Figs. 3d and 4d ) and regions of higher Cr − concentration generally occur around or along the vicinity of chromite grains. Cr 2 O 3 content in the epidote varies from 0.0 to 5.7 wt%, corresponding to 0.00 to 0.36 Cr atoms per formula unit (apfu) (O = 12.5) (Fig. 6) . In contrast to the variable Cr 2 O 3 content, the Fe 2 O 3 abundance is characterized by a limited range of 5.1 to 7.2 wt% in sample 1 and by 5.6 to 8.9 wt% in sample 2, corresponding to 0.31 − 0.43 and 0.24 − 0.52 Fe 3+ apfu, respectively (Fig. 6) .
Our data for Ca − , Sr − , and REE − rich epidote types fill the composition gap field in the Al − Cr − Fe series noted by Grapes and Hoskin (2004) .
Associated minerals
Heterogeneous chromium and relatively homogenous iron distribution are observed not only in the chromian epidote but also in omphacite, amphibole and mica (Figs. 3 and 4) . In general, chromium is concentrated in the regions around chromite grains in each mineral, whereas the iron concentration is not related to the distribution of chromite.
Representative analyses of associated minerals are listed in and Fe 3+ values for amphibole were calculated based on 13 total cations excluding Ca, Ba, Na and K (O = 23). Nomenclature used for pyroxene and amphibole is after Morimoto et al. (1988) , and Leake et al. (1997) .
Omphacite has a composition of Ko 0. The amphibole in the omphacite rocks of samples 1 and 2 is classified as pargasite, magnesiotaramite, magnesiohastigsite, and tschermakite. The relative amounts present are pargasite ≥ magnesiotaramite magnesiohastingsite and tschermakite. Chromium content varies due to the substitution of Cr for Al, and reaches 3.1 wt% Cr 2 O 3 (n = 14). The amphibolite layer in sample 1 consists of pargasite, and is generally poor in Cr (Cr 2 O 3 < 0.5 wt%). However, pargasite at the boundary between amphibolite and omphacite contains chromite grains, and the Cr 2 O 3 content is as high as in the amphiboles of the omphacite rocks.
Muscovite and phlogopite surrounding chromite are rich in Cr with a Cr 2 O 3 content reaching 6.9 wt%, and these minerals exhibit a striking substitution between Al and Cr. They also contain some Ba (1.2 − 3.5 wt% BaO).
There is no compositional difference between the large and small chromite grains in the two samples: 4 − 7 wt% Al 2 O 3 , 54 − 60 wt% Cr 2 O 3 , 29 − 33 wt% total FeO, 1.1 − 1.5 wt% MnO, 0.5 − 1.7 wt% MgO and 0.9 − 1.3 wt% ZnO (n = 13). The Fe 
DISCUSSION
Growth relationship between Ca-, Sr-rich and REErich epidotes
The chromian epidotes in this study have variable chemical compositions, not only due to the Cr concentration, but also to that of Sr and/or REE. It is evident that Sr − rich epidote crystallized prior to Ca − epidote, because the former is overgrown with the latter (Figs. 3 and 4) . The source of Sr is considered to be plagioclase in the gabbro protolith of the omphacite rock in this area. The REE − rich epidotes occur as at least two generations. Those of the early stage are overgrown by Ca − epidote, which is in turn rimmed by the later stage of generation (Fig. 5) . Since the REE − rich epidote only occurs locally, the source material of REE may also have been distributed sporadically, and the diffusion of REE was consequently limited to restricted zones. For the case of REE − rich epidote in the Sambagawa pelitic schist, Sakai et al. (1984) suggested that detrital allanite was the major source of REE. However, in our present study, the source of REE in the REE − rich epidote was not determined.
Source of chromium in chromian epidote and associated minerals
Despite the differing stages of crystallization of the three types of epidote, the variations of Cr content caused by the Al ↔ Cr substitution overlap each other, whereas the Fe 3+ content is virtually constant (Fig. 6) . Moreover, the associated omphacite, amphibole, muscovite, and phlogopite show a wide variation in Cr content caused by the Al ↔ Cr substitution (Fig. 7) . As described above, chromium tends to be concentrated in the regions around chromite grains included in each mineral, whereas iron concentra- tion is not related to the distribution of chromite. These features suggest that decomposition of chromite supplied chromium to the surrounding minerals, and that the zone of Cr enrichment produced by the Cr diffusion was volumetrically limited.
Torres − Ruiz et al. (2003) summarized the origin of Cr − bearing metamorphic minerals as due to:
(1) The activity of Cr − rich hydrothermal fluids produced from the alteration of mafic and/or ultramafic rocks (Jan et al., 1972; King and Kerrich, 1989; Devaraju et al., 1999) . (2) Metamorphic reactions involving the destruction of preexisting Cr − rich phases (Treloar, 1987b; Ashley and Martyn, 1987; Mogessie et al., 1988; Gil Ibarguchi et al., 1991; Challis et al., 1995; Sánchez − Vizcaíno et al., 1995) . (3) A combination of both the above processes (Pan and Fleet, 1991) . The Cr − bearing minerals in this study seem to be produced by process (2).
An immobility of chromium under metamorphic conditions causing the Cr − heterogeneity in Cr − bearing metamorphic minerals was suggested by Treloar (1987b) for chromian epidote; by Mevel and Kienast (1980) and Enami (1986) for Cr − rich pumpellyite, and by Banno (1993) for sodic pyroxene, phengite, and allanite. Cr immobility in metamorphism has also been confirmed by Challis et al. (1995) , Sánchez − Vizcaíno et al. (1995) others. Our results also support the hypothesis of immobility of chromium and the mobility of other elements under the prevailing metamorphic conditions.
Distribution of chromium in epidote
Distribution of chromium among the three M1, M2 and M3 octahedral sites in epidote has been discussed in the literature. Burns and Strens (1967) concluded by polarized absorption spectroscopic analysis that there was a strong preference of Cr to occupy the M1 site. Treloar (1987a) indicated that 33% of the octahedral sites in the Outokumpu chromian epidote were filled with Cr ions, and he inferred that Cr might be preferentially partitioned into the M1 site following the findings of Burns and Strens (1967) . However, the site occupancy of chromium in the M1, M2 and M3 sites has not been determined directly through structural analysis or by other methods. Moreover, Liebscher (2004) expressed doubt concerning the positioning of Cr 3+ at the M1 site by Burns and Strens (1967) , because such an assignment results in a Racah parameter B that is higher than that of the free Cr 3+ ion, and is therefore physically meaningless.
The strong preference for the M1 site of transition element trivalent cations such as Fe 3+ has been confirmed in REE − rich epidote group minerals where the M3 site is occupied by larger divalent cations such as Fe 2+ (Dollase, 1971) , and Yang and Enami (2003) (Dollase, 1971; Giuli et al., 1999 and others) , and Ca − piemontites (Dollase, 1969; Langer et al., 2002; Nagashima and Akasaka, 2004 and others) + 0.05Al + 0.01V 3+ + 0.01Ti) M3 (recalculated based on total cations = 8) in the Ca − epidote with maximum chromium content in sample 2. However, it is possible that small amounts of Cr 3+ may be located at the M1 site, because as noted by Giuli et al. (1999) , Langer et al. (2002) , and Nagashima and Akasaka (2004) Grapes, 1981) , but they are similar to those (7.68 wt% Fe 2 O 3 ) reported from quartz − aluminosilicate rocks by Ashley and Martyn (1987) . It is also evident that the maximum Cr content decreases with increasing Fe 3+ content in epidote, as the maximum Cr content of the presently studied chromian epidote (0.36 Cr apfu) is far less than that of chromian epidote from the Outokumpu quartzite (0.983 apfu; Treloar, 1987a) .
The reason for the differing maximum chromium content between the former and the latter epidote samples may be their difference in Fe 3+ content. The Outokumpu chromian epidote is poor in Fe 3+ and thus the amount of Fe 3+ in the M3 site is not significant, and Cr 3+ is able to substitute for Al in the M3 site to the extent of nearly one apfu. By contrast, the chromian epidote in the present study is rich in Fe   3+ , and thus the M3 site is occupied with Fe 3+ to the level of 0.52 apfu (Table 1) , which causes limited ionic substitution of Cr 3+ for Al at the M3 site. Epidote is generally enriched in chromium by metamorphic or hydrothermal fluids after its initial crystallization. The amounts of larger M 3+ ions already occupying the M3 site are thus an important factor controlling the distribution of chromium in epidote.
